Introduction
Manipulation of primordial germ cells (PGCs) is a useful technique for studying the development and differentiation of germ cells in germline chimaeras because PGCs are progenitor cells of ova and spermatozoa. Avian PGCs originate from the epiblast (Eyal-Giladi et al, 1981) and are located on the ventral surface of the area pellucida at stage X (Eyal-Giladi and Kochav, 1976) as monoclonal antibody SSEA-1/EMA-l-positive cells (Karagenc et al, 1996) . They then translocate to the dorsal side of the hypoblast at stages XI-XIV and are carried anteriorly to the germinal crescent region (Swift, 1914; Clawson and Domm, 1969) . After that, they enter the blood vascular system and circulate temporarily throughout the embryo (Swift, 1914; Fujimoto et al, 1976) . Finally, they migrate to the germinal ridges, future gonads, and differentiate into oogonia in female embryo and spermatogonia in male embryo (Nieuwkoop and Sutasurya, 1979; Kuwana, 1993) .
In avian species, the male is the homogametic sex (ZZ), producing spermatozoa with the chromosome, and the female is the heterogametic sex (ZW), producing ova with either the or W chromosome. The development of embryo manipulation techniques has made it possible to produce mixed-sex chimaeric chickens by transfer of blastodermal cells or PGCs (Etches et al, 1997; Naito, 1997 Naito, ,1998 . If PGCs transferred into opposite-sex recipient embryos can differentiate into functional gametes, viable offspring derived from the donor PGCs can be produced efficiently via mixed-sex germline chimaeric chickens.
Same-sex and mixed-sex germline chimaeric chickens have been produced by transfer of stage X blastodermal cells (Kagami et al, 1995 (Kagami et al, , 1997 . In these experiments, male or female donor blastodermal cells were transferred into same or opposite-sex recipient embryos and same-sex and mixedsex germline chimaeric chickens were produced. Both samesex and mixed-sex germline chimaeric chickens produced donor-derived offspring efficiently. Since (Karagenc et al, 1996) , it is clear that PGCs, or their immediate precursor cells at stage X, have the ability to differentiate into both male and female gametes, irrespective of their genetic sex, giving rise to viable offspring via germline chimaeric chickens.
Germline chimaeric chickens have also been produced by transfer of PGCs obtained from the blood of embryos at stages [13] [14] [15] (Hamburger and Hamilton, 1951; Tajima et al, 1993; Naito et al, 1994a Naito et al, ,b, 1998a (Naito et al, 1994a (Naito et al, , 1998b (Clinton, 1994) . Control PCR reactions were carried out to ensure the presence of genomic DNA using primers: 5'-CAGATCAGTTTCTATCAGC-3', 5'-TGTGACTTCAATGGTGACA-3', designed to amplify the chicken GAPDH gene (Clinton, 1994 The frequency of obtaining donor-derived offspring from the germline chimaeric chickens was higher for the transfer of WL to BPR chickens than it was for the transfer of BPR to WL chickens (Naito et al, 1994a) . In the present study, PGCs were transferred from BPR to WL chickens and the rates of donor-derived offspring from the same-sex germline chimaeric chickens were 0.4-40.0% in males and females.
These frequencies were similar to that (2.0-46.3%) reported by Naito et al (1994a), but the efficiency of producing germline chimaeric chickens was low (65.8%, 25/38) compared with previous results (90.9%, 10/11; Naito et al, 1994a). In the present study, PGCs collected from one embryo were transferred into one or two recipient embryos whereas, in our previous study, PGCs collected from the pooled blood of donor embryos were transferred into the recipient embryos (Naito et al, 1994a (Perry, 1988; Naito et al, 1990) , but the viability of the manipulated embryos decreased to about 60% at day 3 of incubation and the hatching rate was about 10%. Similar hatching rates were reported when blastodermal cells were removed from the stage X blastoderm by a fine glass capillary and the embryos were cultured ex vivo (Klein and Ellendorff, 1998) . Moreover, twin embryos were sometimes observed after the manipulation of stage X blastoderms using microinjection treatment of blastodermal cells (Naito et al, 1991) , probably as a result of dividing the future embryonic axis when the needle was inserted underneath the blastoderm layer for sucking a cell cluster. The incidence of twin embryos further reduced the number of embryos available for PGC injection Fig. 1 (Kagami et al, 1995) , PCR analysis (Simkiss et al, 1996) and in situ hybridization (Tagami et al, 1997 (Mizuno et al, 1993; Stevens, 1997; Shimada, 1998 (1990) : PGC proliferation took place on days 4-5 in females and on days 6-7 in males. Clinton (1998) suggested that sexual differentiation in birds occurs at an earlier stage than has been thought. Sexreversed chickens have been produced by injecting aromatase inhibitor into eggs at day 5 of incubation (Elbrecht and Smith, 1992; Abinawanto et al, 1996 Abinawanto et al, , 1998 . These sexreversed chickens were genetically female and phenotypically male and produced numerous spermatids and very few spermatozoa carrying or W chromosomes, indicating that the second meiosis occurred normally but that the transformation from spermatid to spermatozoon is partially impaired (Abinawanto et al, 1998 (Kagami et al, 1995 (Kagami et al, ,1997 .
In conclusion, it is considered that primary differentiation of PGCs took place by day 5 of incubation and that this process probably affects the transformation from spermatid to spermatozoon. Therefore, it is necessary to identify the genes involved in spermatogenesis, especially spermiogenesis, and to clarify the factors affecting the expression of these genes.
